Background: In EMS-associated laminitis, laminar failure may occur in response to energy failure related to insulin resistance (IR) or to the effect of hyperinsulinemia on laminar tissue. 5 0 -Adenosine-monophosphate-activated protein kinase (AMPK) is a marker of tissue energy deprivation, which may occur in IR.
M
etabolic syndrome in humans is characterized by obesity-related systemic insulin resistance (IR). In systemic IR, tissues such as liver and skeletal muscle (which are the primary tissues mediating regulation of blood glucose concentration in response to insulin) do not regulate or respond normally to serum insulin or glucose concentrations, which can result in persistent hyperinsulinemia. Equine laminitis is associated with a diverse range of clinical diseases, from sepsis to endocrinopathies characterized by IR. Recent epidemiologic data suggest that laminitis associated with the equine metabolic syndrome (EMS; EMSAL) is now the most prevalent form of the disease. 1 Although IR and subsequent glucose deprivation have been suggested as potential mechanisms underlying laminar failure in EMSAL, 2 recent research suggests that glucose-related signaling in the laminar epithelium is not insulin-dependent. 3 Additionally, laminar basal epithelial cells (the cells that separate from their basement membrane during laminitis) do not appear to express the insulin receptor, suggesting that hyperinsulinemia may not directly affect these cells or may be activate alternate receptors (such as the insulin-like growth factor-1 receptor). 4 Although laminar energy dysregulation is thought to be involved in the pathophysiology of EMSAL, 2, 5, 6 the mechanism or mechanisms involved remain poorly characterized. peroxisome proliferator-activated receptor-c coactivator 1-a PPARc peroxisome proliferator-activated receptor-c RT-qPCR real-time quantitative polymerase chain reaction J Vet Intern Med 2014;28:1280-1288 0 -Adenosine-monophosphate-activated protein kinase (AMPK) is a highly conserved enzymatic 'master regulator' of cellular energy status. AMPK activation is increased during cellular energy stress (increased AMP: ATP ratio), occurring primarily by phosphorylation of a highly conserved threonine residue on the a-subunit (Thr172). This phosphorylation event results in downstream effects on intermediary metabolism that favor ATP production and limit ATP consumption. 7 AMPK activation improves systemic insulin sensitivity by increasing lipid oxidation, mitochondrial biogenesis, glucose uptake, and other mechanisms. Consequently, AMPK has emerged as an attractive therapeutic target for the treatment of metabolic syndrome in humans (HMS). 8 Metformin, a functional AMPK agonist, is an orally bioavailable biguanide that has been used as an antihyperglycemic and insulin-sensitizing medication in the treatment of HMS and Type II diabetes mellitus. 9 In IR humans, metformin treatment (AMPK agonism) results in enhanced tissue glucose uptake, decreased glycogen synthesis and lipogenesis, increased b-oxidation, and improved systemic insulin sensitivity. 10 These changes are associated with altered expression of several genes with roles in carbohydrate and lipid metabolism and mitochondrial biogenesis (including PEPCK, PGC-1a, AMPKa, and PPARc). 11, 12 Although metformin has been used empirically to treat EMS patients, 13 little is known about the biologic behavior of the drug or, more importantly, its target (AMPK) in equids. Most published studies of metformin in equine systems describe its pharmacokinetics in various populations, in which its oral bioavailability is reportedly low (4-7%). [14] [15] [16] [17] Although initial pharmacodynamic information has been reported regarding metformin's activity in equine systems, 15, 17 information regarding AMPK and its activation and inhibition in tissues of interest in EMS and EMSAL (eg, digital laminae, skeletal muscle, liver) has not been reported to date. Thus, it is critical to evaluate AMPK signaling in a model of EMSAL to determine whether or not AMPK agonism represents a sound therapeutic target for improving systemic insulin sensitivity and treating or preventing EMSAL in horses and ponies. Therefore, we determined the activation state of AMPK and the regulation of AMPK-associated genes in 2 primary insulinresponsive tissues (liver and skeletal muscle) and in the digital laminae of ponies subjected to a dietary carbohydrate (ethanol-soluble carbohydrate [ESC] + starch) challenge meant to mimic acute pasture exposure.
Materials and Methods

Experimental Animals
Archived samples from 22 mixed-breed ponies (body weight, 270.9 AE 74.4 kg; age [lean], 9.2 AE 3.5 years; age [obese], 11 AE 3.8 years) were used for this study. All animals received humane treatment in accordance with an animal care and use protocol approved by the MSU Institutional Animal Care and Use Committee. Feedstuffs used in the protocol were analyzed for ESC + starch content by a commercial laboratory.
a All ponies obtained for the study were examined by a licensed veterinarian and deemed healthy based on the results of physical examination, complete blood count, and serum biochemistry. Ponies were divided into 4 groups based on BCS: lean, low-CHO (n = 5); obese, low CHO (n = 5); lean, high-CHO (n = 6); and obese, high-CHO (n = 6). All BCS scoring was performed independently by 2 individuals; lean animals were those assigned a BCS of ≤4/9, and obese animals were those assigned a BCS of ≥7/9.
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Ponies were housed in dirt lots and conditioned to a diet of hay chop (7% starch and ethanol-soluble carbohydrate on a dry matter [DM] basis) for 4 weeks before the experimental feeding protocol. Ponies were fed 2.5% of their body weight in hay chop per day, divided into 2 feedings (7 AM and 6 PM EST). After conditioning, all ponies continued to receive hay chop at the previously fed rate; this was the only feedstuff fed to ponies in the low-CHO groups. Ponies on the high-CHO diet received supplemental sweet feed (1.5% body weight per day, divided into 3 daily feedings at 7 AM, 12 PM, and 6 PM EST) and oligofructose b (2 g/kg added to hay chop [fed at 2.5% BW]) for a period of 7 days. The mean ESC + starch consumption of ponies in the low-CHO groups was approximately 1.8 g/kg/d, whereas that of ponies in the high-CHO groups was approximately 8 g/kg/d. Serum insulin and glucose measurements were performed as previously reported. 4 All ponies were fed low-CHO hay chop overnight before blood collection, with complete withdrawal of all feed for 2 hours immediately before sampling.
After the 7-day experimental period, ponies were euthanized by IV overdose of pentobarbital sodium and phenytoin sodium c (20 mg/kg IV). The right front foot of each animal was removed by disarticulation of the metacarpophalangeal joint immediately after euthanasia, and 1.5-cm sagittal sections of the dorsal digit were cut with a band saw. After dissection of the digital laminae from the hoof wall and third phalanx, sections of laminae were snap-frozen in liquid nitrogen or fixed in 10% neutral buffered formalin; all laminar samples were processed within 15 minutes of euthanasia. Samples of skeletal muscle (middle gluteal muscle) and liver were similarly collected and processed. All formalinfixed samples were transferred to 70% ethanol after 48 hours, where they were stored until paraffin embedding. Frozen samples were stored at À80°C until analysis (approximately 4 months after sample collection).
Immunohistochemistry
Formalin-fixed laminar and liver tissue samples were embedded in paraffin and sectioned at 5 lm for immunohistochemistry. Primary antibodies evaluated for immunohistochemical detection of P-AMPK performed poorly in equine tissue; therefore, the immunohistochemistry described here represents tissue localization of total AMPK. Staining of tissue samples was performed as previously reported. 19 Briefly, sections were deparaffinized and incubated in a rabbit monoclonal antihuman AMPK-b1/2 primary antibody d (1 : 100, incubated overnight at 4°C). Detection of immunoreactivity was performed using a goat/antirabbit IgG-HRP secondary antibody, e an immunoperoxidase system, f and 3,3 0 -diaminobenzidine (DAB) substrate. g The distribution of total-AMPK (+) cells in all liver and digital laminar sections was evaluated by light microscopy by a single blinded observer (TAB), and the results were qualitatively described.
Western Immunoblotting
The concentration of phosphorylated and total AMPK in liver, skeletal muscle, and laminar tissue homogenates was assessed by Western immunoblotting performed as described previously. 20 Briefly, protein samples (approximately 300 mg tissue per sample) were prepared in 5 mL of lysis buffer h with Energy Regulation and EMSadded protease and phosphatase inhibitors and quantitated using the Bradford method. Protein samples (20 lg/sample) were denatured by boiling for 5 minutes in b-mercaptoethanol and sodium dodecyl sulfate (b-ME/SDS) buffer, separated on an 8% polyacrylamide gel, and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked for 1 hour with 5% nonfat dry milk in Tris-buffered saline (TBS) with Tween-20 (0.1% v/v Tween-20 in TBS; TBST) at room temperature with rocking. The membrane then was incubated with primary antibody i,j (1 : 1000 in blocking buffer [5% nonfat milk in TBST]) overnight at 4°C. The membrane was washed 5 times with 0.1% TBST as before. Goat/antirabbit IgG-HRP secondary antibody g was diluted 1 : 5000 in 5% nonfat milk and incubated with the membrane for 1 hour at room temperature with rocking. The membrane was washed 5 times with 0.1% TBST and developed for 5 minutes using a chemiluminescent substrate. k The membrane first was probed for P-AMPK, k then stripped and reprobed sequentially for total AMPK l and b-actin. l Luminescence was measured using a computer software program, m and signal strength was determined using net phospho-AMPK band intensity divided by the total AMPK and b-actin band intensities.
RNA Isolation, cDNA Synthesis, and Real-Time Quantitative Polymerase Chain Reaction (RTqPCR)
Homogenates were made from each tissue sample (approximately 100 mg) with a tissue disruptor, n and total RNA was extracted using a commercially available kit.
o Messenger RNA (mRNA) then was isolated from total RNA utilizing poly-A tail hybridization p and quantified. q Complementary DNA (cDNA) was synthesized from mRNA isolated from each sample using reverse transcription r and stored at À20°C until used for realtime quantitative polymerase chain reaction (RT-qPCR) analysis.
A thermocycler s was used to perform RT-qPCR. Amplification was quantified against external standards using fluorescent format for SYBR Green I as previously described. 21, 22 Primers for peroxisome proliferator-activated receptor-c (PPARc), peroxisome proliferator-activated receptor-c coactivator 1-a (PGC1a), AMPKa, phosphoenolpyruvate carboxykinase (PEPCK), and the housekeeping genes b-actin and b 2 -microglobulin were designed against equine-specific gene sequences (using exon sequence spanning an intron) using computer programs as previously described 21, 23, 24 ; these primers subsequently were used for amplification of the respective genes of interest. Standard curves for quantification of mRNA concentration in laminar tissue samples were generated using serial dilutions of a linearized vector t containing an insert of each amplified cDNA fragment (identity confirmed by nucleic acid sequencing). All PCR assays were run in duplicate, including liver, laminar, and skeletal muscle samples; standards of known concentration; and, negative control samples.
RT-qPCR data from 2 housekeeping genes (b-actin and b 2 -microglobulin) were entered into a commercially available computer program u to test each gene's suitability as a housekeeping gene for the equine laminar tissue samples. Because both genes were determined to be satisfactory by the program, a geometric mean was obtained from the 2 genes' data to generate a normalization factor for gene expression from each separate tissue sample (liver, skeletal muscle, and digital laminae from each individual pony). Gene expression data from the genes of interest then were normalized using this factor for each sample.
Data Analysis
Data analysis was performed using a statistical software program.
v All data were assessed for normality by the Shapiro-Wilk and D'Agostino and Pearson omnibus normality tests. mRNA concentration data were analyzed with a 2-way analysis of variance followed by a Bonferroni posttest, as appropriate. Protein concentration data were analyzed with a Student's t-test or nonparametric equivalent. Because of the limited number of samples that could be loaded on a single electrophoretic gel, protein results from lean and obese ponies were not compared with each other; only the effect of diet was evaluated. Correlations among normally distributed data sets were evaluated by calculation of Pearson's r. Statistical significance was accepted at P < .05. Data are expressed as mean AE standard deviation unless otherwise indicated.
Results
Serum Insulin and Glucose Concentrations
Basal serum insulin and glucose concentrations on day 7 of the experimental protocol were increased in response to high-CHO feeding in the obese ponies (Table 1) . A significant inverse correlation between day 7 blood glucose concentration and digital laminar phospho-(Thr172) AMPKa concentration was observed in obese ponies (r = À0.64; P = .05), a finding that was not observed in lean ponies (P = .47).
Immunohistochemistry
The cellular and subcellular immunolocalization of the b-subunit of the AMPK enzymatic complex was evaluated qualitatively by histochemical staining of liver and digital laminar tissue. No effect of diet or BCS on the quantity or distribution of AMPK was readily apparent in either tissue, but this was a subjective assessment and would be considered poorly sensitive for detection of subtle effects. Within the digital laminae, most cell types expressed AMPK, including laminar keratinocytes (including laminar basal epithelial cells; LBEC), vascular endothelial and smooth muscle cells, and dermal mesenchymal cells (presumed to be fibroblasts and possibly tissue macrophages). Within the liver, most AMPK(+) cells were hepatic Fig 1) . Although the intensity or localization of hepatic AMPK immunohistochemical staining was not observed to change with relatively high-CHO feeding, animals fed this diet appeared to have increased cytoplasmic clearing visible within hepatocytes (a finding consistent with, but not diagnostic of, lipid accumulation; Fig 1) .
Western Immunoblotting
Phospho-(Thr 172) AMPKa concentrations in digital laminar tissue were significantly decreased in lean ponies fed the high-CHO diet (P = .03). In contrast, phospho-(Thr 172) AMPKa concentrations did not change in liver and skeletal muscle in response to the high-CHO diet in both lean (skeletal muscle, P = .33; liver, P = .84) and obese ponies (skeletal muscle, P = .43; liver, P = .13; see Fig 2) .
RT-qPCR
The mRNA concentration of PEPCK was significantly increased in skeletal muscle in response to high-CHO feeding in both lean and obese ponies (P = .02); no effect was observed in digital laminae (P = .37) or liver (P = .58). No effect of diet or body condition on the gene expression of PPARc, PGC1a, or AMPKa was observed in liver, skeletal muscle, or digital laminar tissue (P > .05, all analytes; Fig 3) .
Discussion
Since the first reports of experimental laminitis induction by prolonged systemic insulin and glucose infusion were published, 5, 6 much speculation has occurred regarding the most important and relevant pathophysiologic mechanisms by which laminitis develops in this setting. Initial reports suggested that laminar IR may exist, resulting in chronic glucose (carbon substrate) deprivation at the cellular level, energy failure, and dermoepidermal separation (based on in vitro experiments using laminar explants incubated in glucose-free media for prolonged periods and subjected to mechanical distraction). 2 However, more recent publications have suggested that the digital laminar tissue is relatively insulin-insensitive or insulin-independent. Asplin et al. reported little increase in glucose uptake by laminar tissue explants from normal horses in response to incubation with insulin, as well as providing evidence that GLUT1 (instead of the insulinresponsive GLUT4) may be the predominant glucose transporter present in laminar tissue homogenates in both normal and chronically laminitic horses. 3 Furthermore, recent work has documented little evidence of insulin receptor expression on laminar keratinocytes of lean and obese ponies, a finding that does not appear to be affected significantly by high-CHO feeding. 4 Finally, results of the current study, establishing
Immunohistochemical staining of liver and digital laminae against the b-subunit of 5 0 -adenosine-monophosphate-activated protein kinase (AMPK) (total AMPK). Note the distinct perinuclear staining (arrows; insets) in both liver and laminae, and the granular cytoplasmic staining in liver (consistent with reported association of the complex with glycogen). All images are at 409 magnification; images on the left are from animals fed a low-CHO diet, and those on the right are from animals fed a high-CHO diet.
decreased laminar P-AMPK concentrations in obese and lean ponies consuming a high-CHO diet, are not consistent with digital laminar tissue IR, nor are they consistent with laminar energy deprivation or stress, where a robust increase in P-AMPK concentrations induced by an increasing AMP:ATP ratio would be expected as cellular energy stores are depleted. 26 Laminar AMPK phosphorylation also was noted to be inversely correlated with blood glucose concentrations (but not with insulin concentrations) in obese ponies. This finding provides additional support for the concept that transcellular glucose flux may be more important in the pathophysiology of EMSAL than insulin signaling.
Vascular events also have been suggested to be involved in the pathogenesis of laminitis, 27 with hypoperfusion and subsequent energy deprivation and hypoxia proposed as important contributors to dermo-epidermal separation. 28, 29 Although systemic hypertension has been reported in IR ponies at risk for pasture-associated laminitis, 30 the role that insulin and IR play in the vasculature of the equine digit and laminar perfusion is poorly described. The ponies of the study reported here became hyperinsulinemic in response to high-CHO feeding (and many were systemically IR [4] ), but evidence of hypoxia and energy stress was not detected in their digital laminae. Hypoxia is reported to result in potent AMPK activation in several species.
31-34 As mentioned above, one would expect to observe increased digital laminar concentrations of P-AMPK in response to energy deprivation if hypoperfusion and hypoxia were present, an effect that was not observed in this study. If anything, the results of this study support digital vasodilatation, with enhanced glucose delivery to the laminae. These findings, along with the findings of previous investigations, suggest that although increased 0 -Adenosine-monophosphate-activated protein kinase (AMPK) activating phosphorylation in response to high-CHO feeding in digital laminae, liver, and skeletal muscle of obese and lean ponies. Representative Western blot images from pooled protein samples are shown in panel (A); panels (B) and (C) display densitometry data from Western blots of individual animal samples assessing AMPK phosphorylation in laminae, liver, and skeletal muscle of lean (B, triangles) and obese ponies (C, circles). While P-AMPK decreases in laminar tissue in response to high-CHO feeding (suggesting insulin sensitivity, or insulin independence of this tissue), this pattern is not observed in liver or skeletal muscle. Data are derived from the following ratio of immunoblot band densities: P-AMPK/tAMPK/b-actin. P-AMPK, phosphorylated AMPK; tAMPK, total AMPK; CON, control diet; CHO, carbohydrate challenge diet; OB, obese.
vasomotor tone may be present in equids with EMS, it is unlikely to play a primary role in the pathogenesis of EMSAL.
In addition to its well-characterized roles in energy regulation, AMPK more recently has been shown to be important in the maintenance and dynamic repair of intercellular tight junctions, 35 ,36 enhancement of cell-cell contacts, 37 induction of phenotypic differentiation, and determination of cell polarity. [38] [39] [40] Although the net effects of AMPK activation or inhibition on the function of the equine LBEC are unknown, it may play a role in this highly polarized, structurally critical cell type. The cytoskeletal interactions of LBEC are crucial for regulation and integrity of adhesion complexes such as hemidesmosomes (HD), which attach to the underlying dermis (associated with the distal phalanx) on the basal side of the cell allowing suspension of the distal phalanx by the hoof capsule. 41, 42 AMPK thus may provide an attractive link among dietary CHO content, insulin sensitivity (effects on blood insulin and glucose concentrations), and laminar epithelial dysfunction leading to LBEC dysadhesion.
The pattern of AMPK activation noted in liver and skeletal muscle is supportive of an unchanged AMP/ ATP ratio in these tissues, which would not be expected in the face of increased dietary CHO intake if tissue glucose uptake paralleled dietary intake. 43, 44 IR at the tissue level may result in poor correlation between postprandial glycemia and intracellular translocation of glucose. Alternatively or additionally, ectopic lipid deposition and resultant mitochondrial dysfunction may be associated with decreased ATP production. [45] [46] [47] [48] As systemic IR develops in the obese equid (with primary contributions from liver and skeletal muscle IR), ingestion of a high-CHO diet may result in persistent postprandial hyperglycemia and subsequent increased transcellular glucose flux in the digital laminae and other noninsulin-dependent tissues, such RT-qPCR data from digital laminae (row A), liver (row B), and skeletal muscle (row C) for genes regulated downstream of 5 0 -adenosine-monophosphate-activated protein kinase (AMPK) activation in lean (triangles) and obese (circles) ponies fed low-or high-CHO diets. The mRNA concentration of PEPCK was significantly increased in skeletal muscle in response to high-carbohydrate feeding in both lean and obese ponies; no effect was observed in digital laminae or liver. No effect of diet or body condition on the gene expression of PPARc, PGC1a, or AMPKa was observed in liver, skeletal muscle, or digital laminar tissue. PPARc, peroxisome proliferatoractivated receptor-c; PGC1a, peroxisome proliferator-activated receptor-c coactivator 1-a; AMPKa, adenosine monophosphate-activated protein kinase a-subunit; PEPCK, phosphoenolpyruvate carboxykinase; OB, obese; LOW, low-CHO diet; HIGH, high-CHO diet.
as CNS and kidney. Decreased AMPK activation in the laminae then may mediate downstream effects on cell polarity and cytoskeletal organization that contribute to EMSAL. Inhibition of laminar AMPK activation (such as seen here in response to high-CHO feeding) also may alter the differentiation phenotype and adherence of LBEC, as has been shown in other systems. 35, 36, 39 Decreased AMPK activation has been reported to result in activation of mTORC1/p70S6K/RPS6 signaling (known to be important in the poorly differentiated, less adhesive phenotype of tumor cells). 49, 50 We recently have found evidence of laminar RPS6 activation in this same model (Belknap et al, unpublished data), and it is possible that AMPK may work through this mechanism to result in a less adhesive LBEC and ultimately result in structural failure of the laminae.
AMPK is known to phosphorylate and alter the activity of transcription factors controlling the expression of several target genes involved in carbohydrate and lipid metabolism and mitochondrial biogenesis. 11 However, little evidence of upregulation of AMPK target genes was detected in this study, inasmuch as no changes in mRNA concentrations of PPARc, PGC-1a, or AMPKa were observed in any tissue examined in response to high-CHO feeding. PEPCK expression was unchanged in liver and digital laminae in response to dietary CHO, but a significant increase in skeletal muscle PEPCK mRNA concentration was observed in response to high-CHO feeding. PEPCK catalyzes the first committed step in gluconeogenesis, and its gene expression is reportedly repressed by actions of insulin 51 and AMPK (repression by insulin is reportedly dominant). 52 The observed upregulation of PEPCK gene expression in skeletal muscle in this study may be a consequence of IR in this tissue.
The results of this study do not support energy deprivation secondary to laminar IR as a central mechanism in EMSAL. In fact, decreased AMPK activation in the laminae associated with high-CHO feeding suggests tissue insulin sensitivity, insulin independence or both with respect to laminar glucose uptake. Furthermore, the presence of decreased laminar P-AMPK argues against substantial tissue ischemia in this setting, because AMPK activation would be expected in a tissue deprived of nutrients in this manner. Thus, whereas skeletal muscle and liver probably contribute to systemic IR and hyperinsulinemia in EMS, laminar dysfunction and injury in EMS are more likely because of the local effects of hyperinsulinemia or cellular glucose flux, and not local IR or energy failure.
